Our knowledge of the effects of consumer species loss on ecosystem functioning is limited by a paucity of manipulative field studies, particularly those that incorporate inter-trophic effects. Further, given the ongoing transformation of natural habitats by anthropogenic activities, studies should assess the relative importance of biodiversity for ecosystem processes across different environmental contexts by including multiple habitat types. We tested the context-dependency of the effects of consumer species loss by conducting a 15-month field experiment in two habitats (mussel beds and rock pools) on a temperate rocky shore, focussing on the responses of algal assemblages following the single and combined removals of key gastropod grazers (Patella vulgata, P. ulyssiponensis, Littorina littorea and Gibbula umbilicalis). In both habitats, the removal of limpets resulted in a larger increase in macroalgal richness than that of either L. littorea or G. umbilicalis. Further, by the end of the study, macroalgal cover and richness were greater following the removal of multiple grazer species compared to single species removals. Despite substantial differences in physical properties and the structure of benthic assemblages between mussel beds and rock pools, the effects of grazer loss on macroalgal cover, richness, evenness and assemblage structure were remarkably consistent across both habitats. There was, however, a transient habitat-dependent effect of grazer removal on macroalgal assemblage structure that emerged after three months, which was replaced by non-interactive effects of grazer removal and habitat after 15 months. This study shows that the effects of the loss of key consumers may transcend large abiotic and biotic differences between habitats in rocky intertidal systems. While it is clear that consumer diversity is a primary driver of ecosystem functioning, determining its relative importance across multiple contexts is necessary to understand the consequences of consumer species loss against a background of environmental change. Our knowledge of the effects of consumer species loss on ecosystem functioning is limited by 18 a paucity of manipulative field studies, particularly those that incorporate inter-trophic effects. 19 Further, given the ongoing transformation of natural habitats by anthropogenic activities, 20 studies should assess the relative importance of biodiversity for ecosystem processes across 21 different environmental contexts by including multiple habitat types. We tested the context-22 dependency of the effects of consumer species loss by conducting a 15-month field 23 experiment in two habitats (mussel beds and rock pools) on a temperate rocky shore, 24 focussing on the responses of algal assemblages following the single and combined removals 25 of key gastropod grazers (Patella vulgata, P. ulyssiponensis, Littorina littorea and Gibbula 26 umbilicalis). In both habitats, the removal of limpets resulted in a larger increase in 27 macroalgal richness than that of either L. littorea or G. umbilicalis. Further, by the end of the 28 study, macroalgal cover and richness were greater following the removal of multiple grazer 29 species compared to single species removals. Despite substantial differences in physical 30
properties and the structure of benthic assemblages between mussel beds and rock pools, the 31 effects of grazer loss on macroalgal cover, richness, evenness and assemblage structure were 32 remarkably consistent across both habitats. There was, however, a transient habitat-dependent 33 effect of grazer removal on macroalgal assemblage structure that emerged after three months, 34 which was replaced by non-interactive effects of grazer removal and habitat after 15 months. 35
This study shows that the effects of the loss of key consumers may transcend large abiotic and 36 biotic differences between habitats in rocky intertidal systems. While it is clear that consumer 37 diversity is a primary driver of ecosystem functioning, determining its relative importance 38 across multiple contexts is necessary to understand the consequences of consumer species loss 39 against a background of environmental change. 40 Despite this important move towards a multi-trophic perspective, our knowledge of the 50 influence of consumer diversity loss on lower trophic levels is relatively incomplete (Duffy et 51 al. 2007 , Griffin et al. 2013 ). This is of particular concern, given that consumers generally 52 have impacts that are disproportionate to their abundance and face a higher risk of extinction 53 compared to producers (Duffy 2002 Coastal ecosystems are exposed to a range of anthropogenic impacts, which can result in 67 rapid declines in biodiversity and dramatic transformation or loss of habitat (Airoldi and Beck 68 2007) . For example, on temperate rocky shores, overexploitation and pollution, coupled with 69 the physiological and phenological responses of organisms to climate change, may lead to 70 reduced densities or extinctions of key grazer species in certain localities (Thompson et al. 71 2002, Mieszkowska et al. 2005) . Additionally, intertidal biogenic habitats, such as macroalgal 72 and mussel beds on rocky substrata, have decreased in extent and structural complexity in 73 many regions in response to various factors including physical disturbance and compromised 74 water quality (Airoldi and Beck 2007) . Changes in habitat complexity and heterogeneity alter 75 interspecific interactions and the degree of resource partitioning among consumers, and can 76 thus modify consumer diversity effects on resources (Hughes and Grabowski 2006, Griffin et 77 al. 2009 ). In combination, these processes have the potential to shift the dynamic balance 78 between producers and consumers and alter the functioning of coastal marine ecosystems 79 (Hawkins et al. 2009 ). 80
81
The aim of this study was to determine whether the ecological consequences of consumer 82 species loss vary with environmental context, in light of ongoing reductions in biodiversity 83 and habitat homogenisation in coastal ecosystems. We quantified changes in macroalgal 84 assemblages in response to individual and combined removals of common gastropod grazers, 85
Patella vulgata, P. ulyssiponensis, Littorina littorea and Gibbula umbilicalis, in two different 86 habitats on an exposed north-east Atlantic rocky shore. Patellid limpets are key grazers in 87
European rocky intertidal habitats, and although their presence or absence often dominates the 88 effects of grazer assemblages on algal communities on emergent rock and in rock pools 89 (Hawkins and Hartnoll 1983 . Further, the relative roles of these grazer species may vary 92 across different conditions, and the importance of changes in the richness versus identity of 93 these species is likely to increase with environmental heterogeneity (Griffin et al. 2009 ). To 94 examine the context-dependency of the roles of these key consumers, we performed 95 simultaneous grazer removals in mussel beds (on emergent rock) and in rock pools. These 96 two distinct habitats differ greatly with respect to the intensity and variability of a range of 97 abiotic stressors such as desiccation potential, temperature and wave disturbance. 98
Specifically, emergent rock habitats experience relatively greater fluctuations in abiotic 99 variables, but conditions can be more spatially variable among rock pools (Metaxas and 100 Scheibling 1993). At the same time, the physical structure afforded by either mussels or turf 101 algae (e.g. Corallina officinalis) enables diverse, yet divergent, biotic assemblages to persist 102 (Seed 1996 , Kelaher 2002 . Thus, owing to contrasting patterns of physical and biological 103 heterogeneity in mussel beds versus rock pools, the relative effects of grazer removal may 104 differ between these two habitats. Focussing on changes in macroalgal abundance, diversity 105 and assemblage structure, we hypothesised that: (1) there are species-specific consumer 106 identity effects, dominated by the influence of Patella spp. in both mussel beds and rock 107 pools; (2) the effects of the combined removal of multiple grazer species will exceed the 108 effects of removals of single species; and (3) these effects of grazer species loss will differ 109 between rock pools and mussel beds and vary according to experimental duration. The experiment was conducted on an exposed rocky shore in Glashagh Bay, Fanad, Co. 116 Donegal, Ireland (55.265°N, 7.675°W). The shore was characterised by a large, gently sloping 117 granitic platform, covered by a mosaic of patches of barnacles and macroalgae, typical of 118 exposed shores in the region (O'Connor and , Mrowicki et al. 2014 ). Beds of 119 mussels (Mytilus spp.) were distributed patchily along the shore above mid-tidal level (2.0-120 2.5 m above Chart Datum). Numerous discrete rock pools of varying area and depth were 121 present throughout the intertidal zone. Macroalgal assemblages associated with mussels 122 consisted of extensive epibiotic turfs of coarse red algae (mostly Gelidium spp.) interspersed 123 with ephemeral red (e.g. Porphyra umbilicalis) and green (e.g. Ulva intestinalis) algae. Small 124 clumps of brown algae (e.g. Fucus spiralis and F. serratus) were also found in and around the 125 shore, in addition to there being large differences in algal assemblage structure between the 132 two habitats, the diversity of algae was greater in rock pools compared to mussel beds (see 133 Our experiment involved the single and combined removal of three genera of gastropod 149 grazer within each of the two habitat types (mussel beds and rock pools). We employed a 150 'subtractive' approach with no compensation for the reduction in biomass of particular 151 species by increasing that of the remaining species. Unlike a substitutive design, whereby 152 total grazer density would be equalised across treatments, such an approach avoids 153 confounding changes in intraspecific interactions with changes in interspecific interactions 154 among grazers (Byrnes and Stachowicz 2009 ). Further, instead of standardising species 155 densities across habitat types, we opted to mimic actual densities specific to mussel beds and 156 rock pools. Thus, we did not elicit potentially unsustainable experimental densities by 157 exceeding natural densities in either habitat ) and we minimised transplant-158 induced stress or mortality of grazers, particularly limpets (Firth and Crowe 2010). 159 Importantly, although our design did not allow the effects of grazer removal and habitat type 160 to be separated from those of grazer density, incorporating (rather than eliminating) natural 161 variability in species densities was intended to enhance the realism of our study (Diaz et al. umbilicalis (hereafter Gibbula); and one 'multi-removal' treatment, in which all three grazer 179 genera were removed. Owing to difficulties in the identification of P. vulgata and P. 180 ulyssiponensis, particularly juveniles and small adults, without causing substantial 181 disturbance, it was not possible to discriminate between limpet species. On rocky shores in 182
Ireland, adults of these two species tend to be segregated so that P. vulgata is more common 183 on emergent substrata than P. ulyssiponensis, which is more common in rock pools (Firth and 184 Crowe 2010). Further, there is the potential for contrasting functional roles of different limpet 185 species within the same habitat (Moore et al. 2007 ). Therefore, it is not possible here to 186 separate the effects of P. vulgata and P. ulyssiponensis across mussel beds and rock pools. although it was not possible to resolve these differences fully (Supplementary material 256 Appendix 1 Table A1 ). Therefore, algal cover data were converted into the overall change in 257 total cover to simplify interpretation. We used a priori planned contrasts to test for differences 258 between the single-removal treatments and the multi-removal treatment but, given the 259 limitations on making inferences regarding limpet identity, the variance explained by grazer 260 removal was not partitioned further to isolate grazer 'identity' effects explicitly (Duffy et al. 261 2005) . To test for cage effects, comparisons between caged non-removal plots and uncaged 262 control plots were made for all variables. Prior to ANOVA, Shapiro-Wilk and Cochran's tests 263 were used to check normality and homoscedasticity of data, respectively. In the case of total 264 F o r R e v i e w O n l y 12 cover data for three months, transformation was unable to stabilise heterogeneous variances, 265 therefore results were interpreted with caution by reducing the limit for statistical significance 266 (α = 0.01). Student-Newman-Keuls (SNK) tests were used to make post hoc comparisons 267 between levels of significant effects. Although SNK tests have the potential for excessive 268 Type I error rates when treatments fall into groups spaced widely apart (Day and Quinn 269 1989), which was generally not the case in the current study, a greater problem is the loss of 270 power resulting from the use of alternative procedures where SNK tests would otherwise be 271 suitable (Underwood 1997) . Therefore, in this study, SNK tests were an appropriate means of 272 examining alternatives following the rejection of null hypotheses. At the start of the experiment, macroalgal total cover, richness and evenness were greater in 295 rock pools than in mussel beds, and macroalgal assemblage structure differed between the two 296 habitats (Appendix 1 Table A1 ). After three months, there were still differences in algal 297 richness, evenness and assemblage structure between habitats ( Fig. 1c Additionally, richness and evenness differed among grazer removal treatments, independently 299 of habitat ( Fig. 1c,e; Table 1b ,c). Across both mussel beds and rock pools, algal richness was 300 greater in the multi-removal treatment than in any other treatment (Fig. 1c) . Although post 301 hoc tests were unable to resolve differences among the non-removal and single-removal 302 treatments fully, the removal of Patella appeared to result in an increase in algal richness 303 relative to the non-removal treatment across both habitats (Fig. 1c ). Further, algal richness 304 was greater in the multi-removal treatment compared to the single-removal treatments ( Table  305 1b). There also appeared to be an increase in algal evenness in the multi-removal treatment 306 compared to both the non-removal treatment and the Littorina single-removal treatment, but 307 post hoc tests were unable to resolve treatment differences fully (Fig. 1e) . 308 309 After 15 months, the overall decline in total macroalgal cover was greater in rock pools than 310 in mussel beds ( Fig. 1b; Table 1a ). Again, macroalgal richness and evenness were found to be 311 greater in rock pools compared to mussel beds (Fig. 1d,f; Table 1b ,c) and assemblage 312 structure differed between the two habitats (Table 1d ). In addition to algal richness, total 313 cover change and assemblage structure were affected by grazer removal independently of 314 Fig. 1b,d ; Table 1a ,b,d). The removal of Patella led to an increase in algal richness 315 relative to the non-removal treatment and the other two single-removal treatments (Fig. 1d) . 316
Further, the multi-removal of all three grazers resulted in greater algal richness than any other 317 treatment (Fig. 1d ) in addition to the mean of the single-removal treatments (Table 1b ). The 318 multi-removal treatment led to an overall increase in total algal cover, which appeared to 319 differ significantly from the overall declines exhibited by the non-removal and the Patella and 320
Gibbula single-removal treatments, but post hoc tests were unable to resolve differences 321 among all treatments fully (Fig. 1b) . In terms of algal evenness, there was no longer any 322 effect of grazer removal ( Fig. 1f ; Table 1c ). The presence of cages reduced macroalgal 323 richness at three months (ANOVA; F 1,12 = 5.83, P = 0.033; Fig. 1c ) and evenness at 15 324 months (F 1,12 = 5.23, P = 0.041; Fig. 1f ; Appendix 2 Table A2 ) 325
326
There was a significant interaction between habitat and grazer removal treatments affecting 327 algal assemblage structure after three months, indicating that the responses of algal 328 assemblages to grazer removal differed between mussel beds and rock pools ( Fig. 2a,c ; Table  329 1d). Although post hoc tests were unable to resolve differences among treatments fully, they 330 suggested tentatively that, in mussel beds, the Patella single-removal and multi-removal 331 treatments resulted in a shift in algal assemblage structure relative to the Littorina and 332
Gibbula single-removal treatments ( Fig. 2a ; Appendix 3 Table A3 ). In contrast, in rock pools, 333 algal assemblage structure appeared to differ only between the non-removal and multi-334 removal treatments ( Fig. 2c ; Appendix 3 Table A3 ). Algal assemblage structure also differed 335 between caged non-removal and uncaged control plots (Appendix 2 Table A2 ). After 15 336 months, there was no longer any interactive effect of habitat and grazer removal on algal 337 assemblage structure, indicating that the effects of grazer species loss were consistent between 338 mussel beds and rock pools ( Fig. 2b,d ; Table 1d ). Across both habitats, there was a shift in to all other treatments (Appendix 3 Table A3 ). This shift was driven consistently (i.e. 341 δ ത /SDሺδ ሻ > 1) by a relative increase in Fucus vesiculosus (δ ത = 13.3%) and by relative 342 decreases in calcareous encrusting algae and Corallina officinalis, both of which were 343 primarily constituents of rock pool assemblages (Table 2) . These changes were accompanied 344 by an increase in Cladophora rupestris and fucoid germlings across both habitats (Table 2) . While there were logistical constraints on the maximum number of treatments and replicates 422 in our study, incorporating (rather than eliminating) differences in grazer density between 423 treatments helped to maintain the relevance of our findings to species loss from natural 424 habitats in this system, at least for comparable spatial and temporal scales. Importantly, even 425 though the mechanisms underlying differences between the single-removal and multi-removal 426 treatments are unclear, our results suggest that, in both mussel beds and rock pools, the roles 427 of grazer species, or groups of species, depend on the presence or absence of other grazers 428 and, therefore, cannot be deduced from the effects of their removal in isolation. 429 430 Initially, grazer-driven changes in algal assemblage structure varied according to habitat. 431
Although the mechanisms driving this context-dependency remain unclear, there was some 432 indication of a greater overall response of algal assemblages, at least in terms of the number 433 of differences between treatment groups, in mussel beds compared to rock pools. ) and inherent differences in the abundance and structure of grazer and algal assemblages 440 between habitats (e.g. the difference in limpet densities between mussel beds and rock pools). 441
Instead, for the majority of responses measured in our study, the effects of grazer removal on 442 algal assemblages were remarkably consistent across habitats. Although this may mean that 443 the effects of consumer loss on algal communities were not mediated strongly by local-scale 444 variability between habitats on the same shore, other processes such as variation in 445 recruitment or disturbance regimes may play a greater role over larger scales (Jenkins et There are some caveats that should be considered when attempting to extend our findings to 454 rocky intertidal systems in general. First, the presence of experimental cages appeared to 455 influence the structure of algal assemblages, either directly, via shading or hydrodynamic 456 disruption, or indirectly, by altering the movement of grazers or providing habitat for other 457 consumers. Owing to the nature of the study system, cages were the most suitable means of 458 manipulating grazer populations over the timescale of the experiment, and it was not possible 459 to test whether cage effects interacted with grazer removal treatment. The fact that clear 460 differences emerged among caged treatments despite substantial environmental variability 461 within and between habitats, however, suggests that the observed effects of grazer species 462 loss may indeed be representative of unmanipulated, 'real world' communities within this 463 system. Second, it was found that total algal cover was not equivalent across treatments at the 464 and Gibbula umbilicalis, in the maintenance of the abundance, diversity and structure of algal 479 assemblages. We found clear effects of grazer removal despite inherent environmental 480 heterogeneity both between and within habitats, which provides compelling evidence of the 481 overarching importance of these grazer species across the contexts examined in this study. On 482 European rocky shores, community processes and energy transfer are driven by the spatial 483 and temporal dynamics of algae, which in turn are regulated largely by the activities of such 484 mobile grazers (Hawkins and Hartnoll 1983 Results of tests for differences in algal assemblages among treatments at the start of the experiment. Table A1 . ANOVAs and PERMANOVA testing effects of habitat (mussel beds versus rock pools) and grazer removal treatments (non-removal; single-removals of Patella, Littorina and Gibbula; multi-removal of all three grazers) on macroalgal (a) total cover, (b) taxonomic richness, (c) Simpson's evenness (1−λ) and (d) assemblage structure at the start of the experiment in July 2011. Significant P-values are highlighted in bold. 
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